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Abstract: Climate change causes the river basin water cycle disorders, and rainfall characteristics
frequently result in flood disasters. This study aims to simulate and assess the response behavior
of basin floods under the influence of rainfall characteristics and land use changes in the Hulu
River basin using a 2D hydrological and hydraulic GAST (GPU Accelerated Surface Water Flow and
Transport Model). The peak flow rate and water depth during floods were examined by simulating
the evolution process of basin floods and related hydraulic elements under the independent effects
of various rainfall characteristics or land use and further simulating the response results of basin
floods under the combined effects of rainfall characteristics and land use. The seven scenarios were
set to quantify the degree of influence that land use and rainfall characteristics have on the basin
flood process based on examining changes in land use and rainfall characteristics in the research area.
The results from different rainfall characteristics scenarios depicted that as the rainfall return period is
shorter, the peak flow rate is higher, and the peak flow rate is lower as the return period is prolonged.
Under different rainfall characteristics, the peak flow rate in scenario R8 is 41.30%, 40.00%, and 34.51%
higher than the uniform distribution of rainfall, while water depth is decreased by 0.55%, increased
by 4.96% and 2.92% as compared to the uniform distribution of rainfall. While under different land
use scenarios, it is observed that the change in land use has increased 2.7% in cultivated land and
1.1% in woodland. In addition, the interactive effect of different rainfall characteristics and land use it
can be seen that the scenario with the greatest reduction in flood risk due to rainfall characteristics
and land use is RL2-4, representing a 12.55% decrease in peak flow and a 37.69% decrease in peak
water depth. In this scenario, the rainfall is heavier in the southeast and northwest regions and
lighter in the northeast and southwest regions. The land use type is characterized by reforestation
and the return of cultivated land to forests. The changes in rainfall distribution and the increase in
grassland contribute to the decrease in flood threat. Future research in the erodible parts of the Hulu
River basin, planning for water resources, and soil and water conservation can all benefit from the
study’s conclusions.

Keywords: rainfall; land use; Hulu River Basin; hydrology; GAST model; flood simulation

1. Introduction

Life requires access to water resources and has enormous socioeconomic significance
in various industries, including agriculture, manufacturing, trade, food production, and hy-
dropower generation [1,2]. It is well acknowledged that human activity and climate change
significantly impact the hydrological cycle and the spatiotemporal patterns of rainfall [3].
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According to [4], streamflow in most rivers has been steadily declining over the past few
decades, leading to serious water shortages and ecological and environmental instability.
Climate change and human activity typically work together to impact river streamflow
changes [5]. One of the most dependable ways to assess changes in water resources is to
combine climate prediction data from general circulation models (GCMs) with hydrological
models [6]. Many hydrological modeling studies have been conducted since the end of
the 1950s to assess the effects of changes in land use on the rainfall–runoff regime and
the magnitude and frequency of floods [7]. Study [8] examines how changes in upstream
land use affect downstream flood patterns using the HEC-1 model. Study [9] indicates that
changes in land use significantly impact the magnitude of flood peaks and runoff volume.
The authors of [10] use the hydrological SWAT model to evaluate how changes in land
use affect a mesoscale catchment’s annual water balance and temporal runoff dynamics.
The authors of [11] analyzed the Impact of Land-Use Changes on Flood Exposure. The im-
pact of urban sprawl on eco-environmental quality in China, using the Spatial Durbin
model and panel data from 2003 to 2018, highlighting significant regional variations and
the predominant influence of land use sprawl [12]. Various scholars have used multiple
GCMs to evaluate how climate change affects streamflow, thus confirming its role. For
example, in the Kashafrud River Basin (KRB) in Iran [13], streamflow has shown increasing
trends under various scenarios. In the Kelantan River Basin, precipitation, temperature and
streamflow have been predicted to increase from 2015 to 2044 and from 2045 to 2074 [14].
Currently, the Coupled Model Inter-Comparison Project, which is conducting global climate
research, has reached its sixth phase, providing more comprehensive evaluations of future
global climate [15]. A combined weighting approach and the super-efficiency Slack-Based
Measure (SBM) model to assess urban–rural integration and land-use efficiency in China,
revealing a low overall level and a trend towards improved coordination over the decade
from 2010 to 2019 [16].

In China, including in the Yellow River Basin [17], Biliu River Basin [18], and Luan
River Basin [19], future streamflow is expected to show downward trends at varying de-
grees. The two main elements influencing flood formation are the climate and the state
of the underlying surface. The impact of precipitation and intensity on the production of
runoff is a major factor in how climate change will affect the runoff process. Numerous
studies have shown that precipitation impacts how runoff changes in a watershed. A rise
in the amount of rainfall causes an increase in runoff if the underlying surface remains the
same [20,21]. However, the alteration of confluence and runoff generation circumstances
brought on by variations within the subsurface conditions are the primary variables influ-
encing the environmental changes that lead to flood formation. Human activity impacts
these changes, including clearing forest vegetation, building hydraulic infrastructure on
rivers, extensive irrigation and drainage, water and soil conservation measures, modifi-
cations to land-use patterns, and urbanization and industrialization [22,23]. The critical
issue of optimal city size to enhance Resource and Environment Intensity (REI) in China,
analyzing the spatial–temporal impact of city size on REI within the Yangtze River Eco-
nomic Belt through spatial models and panel data from 2004 to 2019. The literature review
likely examines previous findings on urban expansion, resource efficiency, and spatial
governance, setting the stage for this study’s unique contribution to understanding the
nuanced relationship between city size and REI [24].

As a result of agricultural practices, humans have gradually altered the earth’s surface
in important ways. More than 50% of the earth’s surface has recently changed, with
estimates placing agriculture on nearly one-third of the planet’s surface [25]. The conversion
of the naturally occurring agricultural land ratio to other land is still in progress [26].
Land use managers and decision-makers can better understand the connections between
human and natural activity by looking at the patterns in change detection, which has
drawn the attention of researchers and administrators of land use due to these significant
changes [27]. The government competition and behavior within the open economic context
of China’s Huaihe River ecological economic belt, utilizing data from 2004 to 2016 to
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explore the determinants of land prices across various uses, revealing population density
as a pivotal factor and the differentiated impact of policies due to price distortions in
industrial land [28].

The upper Wei River, the main tributary of the Yellow River in China’s Loess Plateau,
has a significant offshoot known as the Hulu River. SWC measurements are a significant
human endeavor that impacts the hydrology of the Yellow River Basin in China. From 1950
to 2009, streamflow change in the watershed decreased [29]. After the 1970s, extensive
SWC methods were implemented to minimize runoff and manage soil erosion. Similarly,
Wei River Catchment SWC techniques can effectively limit soil and water losses [30,31].
The frequency and destructiveness of floods make them a common occurrence in nature [32],
affecting various places differently [33]. Following the 1980s, Yellow River water yield was a
discernible decline [34]. The reason for this sudden fall has been a major topic of discussion
in academics. According to [35], changes in land use may have a significant impact on
how runoff is generated and how much water is stored. The authors of [36] pointed out
that the Yellow River basin’s extensive vegetation restoration was the primary cause of the
decrease in water yield. However, [37] discovered that climate change was responsible
for more than 50% of the decline in runoff in the Yellow River’s middle reaches. It is still
unclear how the significant increase in vegetation coverage brought on by land use changes
and different rainfall characteristics will impact the runoff process, even though numerous
studies have examined the causes of the water and sediment changes in the middle reaches
of the Yellow River from the perspectives of climate and land use. More investigation is
required, particularly to ascertain whether it influences both catastrophic rainfall floods
and common water floods. Climate and land use can both affect water output in the basin,
but in areas where land use has significantly improved, the impact of land use change
on water yield is more significant [38]. Studies on surface runoff have been conducted
by numerous academics. These studies have examined how variations in surface runoff
affect soil erosion and how surface runoff [39,40] soil nutrients, rainfall, land use, and land
cover distribution are affected [41,42]. The SCS-CN runoff model is somewhat influenced
by rainfall intensity and spatial scale [43], and this model has also been studied for the
urban and watershed levels. For example, [44] discovered that in a study of impermeable
surfaces and surface runoff in Xuzhou City, the reaction of urban surface runoff is more
evident when the intensity of rainfall is low. The authors of [45] assessed the simulation’s
accuracy using waterlogging locations and discovered that a rainfall intensity of 200 mm/d
produced the most accurate surface runoff simulation. The landscape pattern evolution’s
impact on runoff can be examined by examining the association between landscape index
and runoff change. Processing is commonly carried out using ArcGIS, ENVI, and Fragstats
software. Alterations in land use and rainfall have been found to have an impact on surface
runoff fluctuations in other research [46]. Furthermore, related research has demonstrated
that runoff is more impacted by the evolution of landscape patterns than by rainfall [47].
The primary focus of relevant domestic and international research on surface runoff and
land use and landscape pattern is on the watershed and urban scale [48]. Surface runoff
response becomes increasingly evident when urban impermeable surface grows, and
precipitation decreases [44].

Since mid-June 1998, the Yangtze River Basin has been experiencing continuous
heavy rains and torrential rains, leading to widespread flooding throughout the basin.
The peak flow at the Datong hydrological station reached 82,300 m3/s, inflicting direct
economic losses of CNY 166 billion and affecting 223 million people. In the same year, the
Songhua River Basin was also affected by climate change, with increased rainfall leading
to an unprecedented flood event in the basin. In 2010, Gansu Province experienced a
major flood disaster, resulting in 1434 fatalities; 14.76 million people were affected by
the Yangtze River Basin floods in 2016, which also resulted in losses to the economy of
CNY 31.14 billion. In 2020, multiple strong rainfall events occurred in southern China,
with 198 rivers experiencing floods exceeding warning levels and direct economic losses
reaching CNY 86.16 billion. Therefore, the Hulu River Basin is used for this study. Observed
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rainfall data from 13 September 2019, 0:00 to 14 September 2019, 16:00 is used and the total
rainfall duration is 40 h. Land use data with a resolution of 30 m for the years between 1985
and 2020 is being used. This study analyzes change patterns in rainfall characteristics and
land use of the Hulu River catchment, China, based on the GAST model (GPU Accelerated
Surface Water Flow and Transport Model).

2. Materials and Methods
2.1. Study Area

One of the major tributaries of the Wei River and the Hulu River rises on the southern
slopes of Moon Mountain near the boundary between Xiji County and Haiyuan County
in the Ningxia Hui Autonomous Region (Figure 1). The watershed is situated between
34◦30′ and 36◦30′ N and 105◦05′ to 106◦30′ E, and its height ranges from 1141 to 1908 m.
According to [49], it crosses both the Ningxia Hui Autonomous Region and Gansu Province
before emptying into the Wei River close to Tianshui City in Gansu Province. The research
region has an east-west gradient with a higher north elevation and a lower south eleva-
tion. The riverbed resembles a gourd because it is meandering and has a wide range of
widths [15]. The Hulu River’s main channel is 301 km long, and its entire basin is around
10,700 km2. With an annual sediment transfer as high as 7270 × 104 tons, the basin is
characterized by significant vegetation destruction, loose soil, frequent heavy rainfall, and
severe soil erosion. The Hulu River Basin’s water resources are dispersed unevenly and
show noticeable inter-annual changes. A total of 265.4 million m3 of runoff are produced
annually on average [49].

1 
 

 

Figure 1. DEM of the study area.

2.2. GAST Model

The GPU Accelerated Surface Water Flow and Transport Model (GAST) simulates
basin flood response under various rainfall and land use scenarios using a numerical
model that integrates hydrological and hydrodynamic processes. Its great accuracy, quick
efficiency, and strong stability make it a good model for complicated networks. Urban
waterlogging, sediment transport, and basin flood dynamics are among the processes it can
accurately replicate. It can simulate these processes at a fine scale and use GPU-accelerated
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parallel computing technology, which greatly increases the model’s computational perfor-
mance and offers several benefits [50].

2.2.1. Model Governing Equations

The GAST model utilizes the two-dimensional shallow water equations (SWEs) as the
governing equations for surface runoff calculations. The conservation form of the vector
equation (neglecting viscous terms of motion, turbulent viscous terms, wind stress, and
Coriolis force) is shown in Equations (1)–(3) [51].

∂q
∂t

+
∂F
∂x

+
∂G
∂y

= S (1)

q =

 h
qx
qy

, F =

 uh
uqx + gh2/2

uqy

, G =

 vh
vqx

vqy + gh2/2

, (2)

S =

 i
−gh∂zb/∂x
−gh∂zb/∂y

+

 0
−C f u

√
u2 + v2

−C f v
√

u2 + v2

 (3)

where t is the time, x and y are the Cartesian coordinates, and q is the flow variable vector
made up of h, qx, and qy, which indicate water depth and unit-width discharges in the x
and y directions, respectively; u and v are defined as depth-averaged velocities in the x and
y directions, and it is evident that qx = uh and qy = vh; f and g are the flux vectors in the
x and y directions; S is the source vector that only takes into account the slope source Sb
and the friction source Sf; in this case, zb is the bed elevation and Cf is the bed roughness
coefficient that is derived from the Manning coefficient n and h in the form of gn2/h1/3.

2.2.2. Numerical Methods of the Model

The two-dimensional hydrodynamic model GAST employs the Godunov finite volume
method to solve the two-dimensional shallow water equations. Riemann’s approximate HLLC
solver is used to calculate the mass flux and momentum flux at the cell interfaces [52]. The static
water reconstruction method is used to handle negative water depths at dry–wet bound-
aries [53]. The bottom slope flux method is utilized to solve the variation in water depth [54].
An improved splitting-point implicit method is used for the frictional resistance source term to
enhance computational stability [55]. A second-order explicit Runge–Kutta method is employed
for time integration to ensure second-order accuracy [56]. The MUSCL scheme effectively ad-
dresses computational instabilities and non-conservation of mass and momentum caused
by non-physical phenomena. Due to the large-scale study area and complex watershed in
this study, GPU acceleration and parallel computing techniques are introduced, significantly
enhancing the model’s computational efficiency to improve its computational speed further.

2.3. Model Setup and Validation
2.3.1. Input Data

The primary input data for the GAST model are the digital elevation model (DEM),
land use, soil, and meteorological data. River network features, topographic slope length,
and other basin parameters are obtained using a digital elevation model (DEM). In this
study, the China Meteorological Data Centre was used to compile rainfall data from the
Hulu River Basin’s five meteorological stations, Huajialing, Tianshui, Kongtong, Guyuan,
and Xiji. Observed rainfall data from 13 September 2019, 0:00 to 14 September 2019, 16:00
are used for model calibration and validation. The rainfall duration is 40 h, as shown in
Figure 2. The time interval between data points is 30 min, and the simulation time is set to
40 h. Land use information from various historical eras was acquired from the Resource
and Environmental Science and Data Centre of the Chinese Academy of Sciences. Data
were collected with a resolution of 30 m for the years 1985–2020. Digital elevation model
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(DEM), land use information from various time periods, soil information, and precipitation
information are among the fundamental data used in this study. The Geospatial Data Cloud
(http://www.gscloud.cn/, accessed on 22 June 2023) provided the DEM data with a grid
resolution of 30 m for download.
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Figure 2. Measured rainfall from 13 September 2019 at 0:00 to 14 September 2019 at 16:00.

The soil information was taken from the global Harmonized World Soil Database
(HWSD), which was created by the Food and Agriculture Organization (FAO) and the In-
ternational Institute for Applied Systems Analysis (IIASA). With a crop to the research area,
the soil data are presented at a resolution of 1000 m. An analysis of the Hulu River Basin
soil map was performed using the Harmonized World Soil Database (HWSD). The main
soil types in the Hulu River Basin are saturated immature soil, unsaturated immature
soil, calcareous accumulative black soil, moderately developed highly active leached soil,
moderately developed black soil, moderately developed grey soil, moderately developed
immature soil, calcareous impacted soil, calcareous immature soil, and sticky chestnut
calcareous soil. In the basin, the predominant types of vegetation are cultivated land and
grassland, with some woodland, bushes, unused land, water bodies, and impermeable re-
gions also present [57]. The Horton infiltration model is used for the infiltration component
of the model. In addition, the infiltration and Manning values for each land use type in the
watershed are determined based on various references [58–61].

The commonly used infiltration equation, proposed by Horton in 1939, is as follows:

f = fc + ( fo − fc)e−kt (4)

In this equation, the infiltration capacity at time t (h) is denoted by f, the starting value
of infiltration capacity is represented by f0, the final or equilibrium infiltration capacity is
represented by fc, and the rate of decline of infiltration capacity (1/h) is determined by an
exponent k.

Horton used empirical methods to construct his equation, but it could also be theoreti-
cally determined if it were assumed that the decrease in infiltration capacity resulted from
an exhaustion process [62].

2.3.2. Model Validation

This study utilizes measured rainfall and streamflow data from the Hulu River Basin
to validate the accuracy and reasonability of the constructed GPU-accelerated Surface Water
Flow and Associated Transport (GAST) model. The reliability of the model is assessed
based on Nash–Sutcliffe Efficiency (NSE) and coefficient of determination (R2) for the flow
at the watershed outlet cross-section. The downstream outlet of the Hulu River Basin in
the GAST model is set as an open boundary, while the rest are set as closed boundaries.

http://www.gscloud.cn/
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The model is validated using rainfall measured data from the Qin’an hydrological station
from 13 September 2019 at 0:00 to 14 September 2019 at 16:00, spanning 40 h. The accuracy
of the model is evaluated based on the root-mean-square error (RMSE) (Table 1) and relative
error between the simulated values and measured values of the flow process at the Qin’an
hydrological station.

Table 1. Comparison between measured and simulated values.

Time Measured Flow/(m3·s−1) Time Simulated Flow/(m3·s−1) Relative Error

13 September
6:03:00 38.9 13 September

6:00:00 39.15 0.64%

13 September
8:00:00 35.5 13 September

8:00:00 38.23 7.68%

13 September
14:39:00 85.8 13 September

14:30:00 78.39 8.64%

14 September
5:54:00 131 14 September

6:00:00 135.68 3.57%

14 September
6:18:00 133 14 September

6:30:00 133.99 0.75%

14 September
8:00:00 92.5 14 September

8:00:00 95.58 3.33%

2.3.3. Root Mean Square Error (RMSE)

RMSE =

√
1
n∑n

i=1(Qsim,i − Qobs,i)
2 (5)

In this equation: Qsim,i—simulated value, Qobs,i—observed value, and n—number of
measurements. When the root-mean-square error (RMSE) is closer to 0, it indicates that the
simulated values are in complete agreement with the observed values.

2.3.4. Relative Error

δ =
△
L

× 100% (6)

In the equations: δ—relative error, usually expressed as a percentage, △—difference
between simulated and measured values, and L—measured value.

According to the calculations based on the simulation results, the root-mean-square
error (RMSE) between the simulated and observed values is 3.98. The relative errors are
0.64%, 7.68%, 8.64%, 3.57%, 0.75%, and 3.33%, respectively. The RMSE is close to 0, and the
relative errors are all less than 10%, indicating that the model has a small error between the
simulated and observed values and exhibits high accuracy. Therefore, the model can be
used to simulate and analyze the impact of rainfall characteristics and land use changes
on flood events in the Hulu River Basin. Additionally, the average absolute value of the
relative error is 0.0410, and the average absolute error is 3.1911.

2.4. Simulation of River Flooding under Different Rainfall Characteristics Scenarios

Different rainfall return periods have different impacts on basin floods, and the spatial
distribution of rainfall, whether uniform or uneven, also significantly influences basin
floods. Therefore, studying the impact of different rainfall spatial distributions on basin
floods under different return periods can provide a theoretical basis for disaster prevention,
mitigation, and relief work.

Scenario Setup

During the simulation period, the land use data in the Hulu River Basin are assumed
to be the current land use while keeping the infiltration and other parameters constant to
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exclude the influence of other factors on the flood evolution process in the basin. The rainfall
is designed using the Chicago rainfall type and the Gansu Tianshui rainfall formula.
Short-duration intense rainfall with a rainfall duration of 120 min and return periods of
5 years, 10 years, and 50 years, respectively, is generated with a rain peak coefficient of 0.5.
The rainfall formula is as follows:

i =
1734.0278 × (1 + 1.473 × LgP)

167 × (t + 15.3599)0.8867 (7)

In equations: i = rainfall intensity (mm/h), P = rainfall return period (years), and
t—rainfall duration (minutes).

Two different scenarios are set for the spatial distribution of rainfall under different re-
turn periods. Based on the analysis of rainfall distribution and storm intensity distribution,
it is known that the rainfall in the Hulu River Basin gradually decreases from southeast to
northwest, with higher storm intensity in the southeast and northwest regions and lower
intensity in the northeast and southwest regions. Therefore, two different rainfall spatial
distribution scenarios are constructed. Additionally, three scenarios are created with the
storm center located in the upstream, middle reaches and downstream regions. The specific
settings for the rainfall characteristics scenarios are shown in Table 2.

Table 2. Scenario setting of different rainfall characteristics.

Scenario Scenario Description

Scenario R1 Uniform spatial distribution of 5-year return period rainfall
Scenario R2 Uniform spatial distribution of 10-year return period rainfall
Scenario R3 Uniform spatial distribution of 50-year return period rainfall
Scenario R4 Rainfall gradually decreasing from southeast to northwest

Scenario R5 Relatively high rainfall in southeast and northwest regions, while relatively
low rainfall in northeast and southwest regions

Scenario R6 Set upstream rainfall center
Scenario R7 Set middle reaches rainfall center
Scenario R8 Set downstream rainfall center

2.5. Simulation of River Floods Occurance under Different Land Use Scenarios

Different land use types significantly impact the flood evolution process by altering
the underlying surface hydrological characteristics, leading to a series of water resource
issues such as increased flood disasters, severe soil erosion, and declining groundwater levels.
In addition, changes in land use also have certain impacts on the ecological environment and
economic conditions, such as implementing policies such as converting cultivated land to
forests and grasslands in areas prone to soil erosion. Therefore, studying the impact of land use
changes on watershed floods is important for disaster prevention and mitigation and provides
technical support for watershed water resource planning. This section uses a two-dimensional
hydrodynamic model to simulate and analyze the impact of land use changes in the Hulu
River basin on the flood evolution process, peak flow, and peak water depths.

Scenario Setup

Since 1999, multiple water conservation measures have been implemented in the Hulu
River basin. Therefore, a scenario of generalized water conservation measures (such as
constructing sediment detention dams and terracing projects) is constructed. Seven land
use scenarios are established, including the current land use scenario, three historical land
use scenarios, two integrated land use scenarios, and the generalized water conservation
measures scenario. The response of watershed floods under different land use scenarios is
simulated and analyzed. The data for the four integrated land use scenarios are shown in
Figure 3, and the specific scenario settings are shown in Table 3. To exclude the influence of
rainfall on watershed floods, it is assumed that the rainfall conditions remain unchanged.
The rainfall design adopts the Chicago rainfall pattern, and the Gansu Tianshui heavy rain
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formula (Equation (7)) is used to generate rainfall with a duration of 120 min and a rainfall
coefficient of 0.5. The return periods are 5, 10, and 50 years, and the rainfall is assumed to
be spatially uniformly distributed.
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Table 3. Set up different land use scenarios.

Scenarios Scenario Description

Scenario L1 1985 Annual land use data
Scenario L2 2000 Annual land use data
Scenario L3 2010 Annual land use data
Scenario L4 2020 Annual land use data
Scenario L5 2020 Conversion of farmland to forest
Scenario L6 2020 Conversion of farmland to grassland
Scenario L7 Generalize various water conservation measures such as check dams

2.6. Simulation of River Floods under the Combined Influence of Rainfall Characteristics and
Land Use

We integrate two influencing factors to simulate the impact of the combined changes
in rainfall characteristics and land use on watershed floods. We explore the patterns and
characteristics of changes in peak flow and peak water depth.

Scenario Setup

Based on the analysis in the previous section, it was found that the impact of the
rainfall center on watershed floods is similar in the upstream and middle reaches of the
watershed. Therefore, in this section, besides other scenarios of rainfall characteristics, only
the scenario with the rainfall center upstream of the watershed was selected for simulation.
The specific scenario settings are shown in Table 4.

Table 4. Scenario setting under the combined action of rainfall characteristics and land use.

Scenario
Scenario Description

Rainfall Variation Land Use Change

Scenario RL1-1 50-year return period rainfall gradually decreases from
southeast to northwest 1985

Scenario RL1-2 50-year return period rainfall gradually decreases from
southeast to northwest 2000

Scenario RL1-3 50-year return period rainfall gradually decreases from
southeast to northwest 2010

Scenario RL1-4 50-year return period rainfall gradually decreases from
southeast to northwest farmland to forest

Scenario RL1-5 50-year return period rainfall gradually decreases from
southeast to northwest farmland to grassland

Scenario RL1-6 50-year return period rainfall gradually decreases from
southeast to northwest soil and water conservation measures

Scenario RL2-1
50-year return period rainfall: The southeast and northwest
regions have higher rainfall, while the northeast and southwest
regions have smaller rainfall

1985

Scenario RL2-2
50-year return period rainfall: The southeast and northwest
regions have higher rainfall, while the northeast and southwest
regions have smaller rainfall

2000

Scenario RL2-3
50-year return period rainfall: The southeast and northwest
regions have higher rainfall, while the northeast and southwest
regions have smaller rainfall

2010

Scenario RL2-4
50-year return period rainfall: The southeast and northwest
regions have higher rainfall, while the northeast and southwest
regions have smaller rainfall

farmland to forest

Scenario RL2-5
50-year return period rainfall: The southeast and northwest
regions have higher rainfall, while the northeast and southwest
regions have smaller rainfall

Resume farmland to grassland

Scenario RL2-6
50-year return period rainfall: The southeast and northwest
regions have higher rainfall, while the northeast and southwest
regions have smaller rainfall

Soil and water conservation measures
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Table 4. Cont.

Scenario
Scenario Description

Rainfall Variation Land Use Change

Scenario RL3-1 50-year return period rainfall center is upstream 1985
Scenario RL3-2 Set upstream 50-year rainfall center 2000
Scenario RL3-3 Set upstream 50-year rainfall center 2010
Scenario RL3-4 Set upstream 50-year rainfall center farmland to forest
Scenario RL3-5 Set upstream 50-year rainfall center farmland to grassland
Scenario RL3-6 Set upstream 50-year rainfall center soil and water conservation measures

Scenario RL4-1 Set downstream 50-year rainfall center 1985
Scenario RL4-2 Set downstream 50-year rainfall center 2000
Scenario RL4-3 Set downstream 50-year rainfall center 2010
Scenario RL4-4 Set downstream 50-year rainfall center farmland to forest
Scenario RL4-5 Set downstream 50-year rainfall center farmland to grassland
Scenario RL4-6 Set downstream 50-year rainfall center soil and water conservation measures

3. Results

Rainfall and land use are intricately interconnected, influencing each other in several
significant ways. The changes that occur in land use, such as urbanization or deforestation,
can alter the natural water cycle, impacting both the intensity and rainfall distribution. Con-
versely, rainfall patterns influence land use decisions, especially in agriculture, where the
amount and timing of precipitation often dictate the choice of crops and farming practices.
This dynamic relationship highlights the importance of considering both environmental
planning and resource management factors.

3.1. Simulation of River Flooding under Different Rainfall Characteristics Scenarios

Rainfall return periods of 5, 10, and 50 years with uniform spatial distribution of
rainfall. The flood evolution process under different return periods with a uniform spatial
rainfall distribution was simulated. The hydrograph, peak flow, and peak water depth
at the outlet section of the basin under different return periods with a uniform spatial
distribution of rainfall are shown in Figure 4 and Table 5.

Figure 4 shows that the flow at the outlet section of the basin rapidly increases with
time, reaching its peak between 5400 s and 7200 s, and then slowly decreases to a stable
level. Both scenario R1 and scenario R2 exhibit a flow value close to the peak flow, which
can occur either before or after the peak flow. Scenario R3, on the other hand, does not
show a flow value close to the peak flow. Instead, it experiences a sudden drop after the
peak flow, followed by a subsequent rise and a slow decline to stability. The peak flow
in scenario R1 is 1332.90 m3/s, occurring at 7200 s, with a peak water depth of 5.42 m at
9000 s. In scenario R2, the peak flow is 1445.33 m3/s, occurring at 5400 s, with a peak water
depth of 5.44 m at 9000 s. Scenario R3 has a peak flow of 2003.04 m3/s, occurring at 5400 s,
with a peak water depth of 8.57 m at 9000 s. It can be observed that both the peak flow
and peak water depth increase with the increase in the return period. However, when the
return periods are relatively close, such as 5 years and 10 years, the increase in peak flow
and peak water depth is not significant. Furthermore, as the return period increases, the
timing of the peak flow advances. There will be changes in future precipitation due to
global warming and the intensification of the water cycle process [63,64].
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Figure 4. Different rainfall return periods under uniform rainfall distribution. (a) Scenario R1;
(b) Scenario R2; and (c) Scenario R3.

Table 5. Peak discharge and peak water depth under different spatial distributions of rainfall.

Peak Flow
Rate/(m3·s−1)

Time of Peak
Flow/(s)

Peak Water
Depth/(m)

Time of Peak Water
Depth Occurrence/(s)

Scenario R1 1332.90 7200 5.42 9000
Scenario R2 1445.33 5400 5.44 9000
Scenario R3 2003.04 5400 8.57 9000

The spatial distribution of rainfall is uneven, with a return period of 5, 10, and 50 years.
Simulate the flood evolution process under different return periods of uneven rainfall.
The flow hydrograph, peak flow, and peak water depth of the watershed outlet section
under different return periods of uneven rainfall are shown in Figure 5 and Table 6. Sce-
nario R4 and Scenario R8 have significant differences in the discharge hydrograph of the
watershed outlet section at different return periods, while Scenario R5, Scenario R6, and
Scenario R7 have little difference in the discharge hydrograph of the outlet section at dif-
ferent return periods. The peak flow rates of scenarios R4, R5, R6, and R7 with different
return periods all appeared at 5400 s and then gradually decreased with time. The peak
flow of scenario R8 with different return periods occurs between 5400 s and 7200 s and then
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slowly decreases to a stable state. The outlet section discharge hydrograph of scenario R6
and scenario R7 is not very different; that is, when the rainfall center is in the upstream and
midstream, the impact on the basin flood is relatively close. Scenario R8 is quite different
from scenarios R6 and R7, which indicates that when the rainfall center is downstream, the
impact on the basin flood is different from that in the middle and upstream.
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Figure 5. The flow process line of the basin outlet section is under different uneven rainfall distributions.
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Table 6. Peak flow and peak water depth under different rainfall scenarios.

Return Period/
Scenario

Scenario R4 Scenario R5 Scenario R6 Scenario R7 Scenario R8

Flow
(m3·s1)

Water
Depth (m)

Flow
(m3·s1)

Water
Depth (m)

Flow
(m3·s1)

Water
Depth (m)

Flow
(m3·s1)

Water
Depth (m)

Flow
(m3·s1)

Water
Depth (m)

5 years return period 1836.19 5.38 1825.59 5.61 1813.82 5.60 1813.73 5.60 1883.34 5.39
10 years return period 1954.21 5.41 1894.72 5.39 1883.36 5.39 1883.31 5.39 2023.48 5.71
50 years return period 2277.76 7.39 1947.12 5.40 2023.07 5.86 2023.22 5.86 2694.34 8.82

Scenario R4 has a peak flow rate of 1836.19 m3/s, 1954.21 m3/s, and 2277.76 m3/s
during the 5, 10, and 50-year return periods, respectively, which is 37.76%, 35.21%, and
13.72% higher than the uniform distribution of rainfall during the same return period.
The peak water depths are 5.38 m, 5.41 m, and 7.39 m, respectively, 0.74%, 0.55%, and
13.77% less than the uniform rainfall distribution. Scenario R5 has a peak flow rate of
1825.59 m3/s, 1894.72 m3/s, and 1949.12 m3/s under three different return periods, re-
spectively. Compared with the same return period, the rainfall distribution uniformly
increased by 36.96%, 31.09%, and decreased by 2.69%. The peak water depths were 5.61 m,
5.39 m, and 5.40 m, respectively, which increased by 3.51%, decreased by 0.92%, and 36.99%
compared to the uniform distribution of rainfall. Scenario R6 has a peak flow rate of
1813.82 m3/s, 1883.36 m3/s, and 2023.07 m3/s during the 5, 10, and 50-year return periods,
respectively, which is 36.08%, 30.31%, and 1.00% higher than the uniform distribution of
rainfall during the same return period; The peak water depths were 5.60 m, 5.39 m, and
5.86 m, respectively, which increased by 3.32%, decreased by 0.92%, and 31.62% compared
to the uniform distribution of rainfall.

Scenario R7 has a peak flow rate of 1813.73 m3/s, 1883.31 m3/s, and 2023.22 m3/s
during the 5, 10, and 50-year return periods, respectively, which is 36.07%, 30.30%, and
1.01% higher than the uniform distribution of rainfall during the same return period.
The peak water depths were 5.60 m, 5.39 m, and 5.86 m, respectively, which increased by
3.32%, decreased by 0.92%, and 31.62% compared to the uniform distribution of rainfall.
Scenario R8 has a peak flow rate of 1883.34 m3/s, 2023.48 m3/s, and 2694.34 m3/s during
the 5, 10, and 50-year return periods, respectively, which is 41.30%, 40.00%, and 34.51%
higher than the uniform distribution of rainfall during the same return period. The peak
water depths were 5.39 m, 5.71 m, and 8.82 m, respectively, which decreased by 0.55%,
increased by 4.96%, and 2.92% compared to the uniform distribution of rainfall.

Figure 5 shows that the peak flow values and peak water depths for the 5-year and
10-year return periods are relatively close across different scenarios, while there is a sig-
nificant difference between the 10-year and 50-year return periods. It is quite different
from the peak water depth. It is further explained that when the difference between return
periods is larger, the difference between peak flow rate and peak water depth is larger.
The peak flow and peak water depth under the above four scenarios with uneven rainfall
spatial distribution are quite different from those under uniform rainfall spatial distribution.
The largest difference is scenario R8, and the one closest to the uniform rainfall scenario is
scenario R7. It can be seen that when the return period is small, the change rate of peak
flow is larger, and when the return period is larger, the change rate of peak flow is smaller.
It can be seen that when the return period reaches a certain level, such as the 100-year
return period, the peak discharge at the outlet section of the basin is relatively close under
the scenarios of uneven rainfall distribution and uniform rainfall distribution.

The simulated peak flows of Scenario R4, Scenario R5, Scenario R6, and Scenario R7
under the 5-year return period are relatively close, indicating that when the return period
is small, the heavy rain center is in the southeast, southeast, and northwest, the upper
reaches of the basin and the middle reaches of the basin. The degree of flood impact in
the Hulu River Basin is relatively similar. The peak flows simulated by scenario R8 are
significantly different from those of other scenarios in all return periods, indicating that
when the center of heavy rain is in the lower reaches of the basin, the impact on floods in
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the basin is stronger. At this time, special attention should be paid to the safety of the rivers
downstream of the basin, and disaster prevention and reduction measures should be taken.

3.2. Simulation of River Flooding under Different Land Use Scenarios

The historical inversion method is used to simulate the four historical land use scenar-
ios, and the changes in the simulation results between two adjacent periods are considered
as the degree of land use impact on floods. The peak flow and peak water depth for differ-
ent return periods under each scenario are shown in Tables 7 and 8, respectively. The flood
hydrographs at the watershed outlet for different land use scenarios are shown in Figure 6.

Table 7 shows that compared to Scenario L1, Scenario L2 shows an increase in peak
flow of 20.26%, 14.68%, and 17.14% for the 5, 10, and 50-year return periods, respectively.
The peak water depth increases by 0.37%, 9.07%, and 3.80%, respectively. Compared to
Scenario L2, Scenario L3 shows an increase in peak flow of 4.92%, 4.72%, and 1.86%, and
an increase in peak water depth of 1.66%, 6.62%, and 2.63% for the 5, 10, and 50-year return
periods, respectively. Compared to Scenario L3, Scenario L4 shows a decrease in peak flow
of 25.75%, 26.18%, and 21.39%, and a decrease in peak water depth of 1.45%, 13.38%, and
4.57% for the 5, 10, and 50-year return periods, respectively. It can be observed that there
is a significant variation in peak flow between two adjacent land use scenarios, while the
variation in peak water depth is less than 15%. This indicates that the changes in land use
between two adjacent periods have a greater impact on peak flow and a relatively smaller
impact on peak water depth.

Table 7. Historical land use scenarios peak discharge and peak water depth.

Return Period/
Scenario

Scenario L1 Scenario L2 Scenario L3 Scenario L4

Flow
(m3·s−1)

Water
Depth (m)

Flow
(m3·s−1)

Water
Depth (m)

Flow
(m3·s−1)

Water
Depth (m)

Flow
(m3·s−1)

Water
Depth (m)

5 years return period 1422.8 5.39 1711.02 5.41 1795.2 5.50 1332.9 5.42
10 years return period 1630.3 5.40 1869.7 5.89 1958.04 6.28 1445.33 5.44
50 years return period 2135.57 8.43 2501.61 8.75 2548.2 8.98 2003.04 8.57

In Scenario L1 compared to Scenario L4, the peak flow increased by 6.74%, 12.80%,
and 6.62% for different return periods, while the peak water depth decreased by 0.55%,
0.74%, and 1.63% for the 5, 10, and 50-year return periods, respectively. In Scenario L2
compared to Scenario L4, the peak flow increased by 28.37%, 29.36%, and 24.89% for
different return periods, and the peak water depth decreased by 0.18% for the 5-year return
period but increased by 8.27% and 2.10% for the 10 and 50-year return periods, respectively.
In Scenario L3 compared to Scenario L4, the peak flow increased by 34.68%, 35.47%, and
27.22% for the 5, 10, and 50-year return periods, respectively, and the peak water depth
increased by 1.48%, 15.44%, and 4.78% for the corresponding return periods. Thus, it can be
observed that during the period from 1985 to 2020 [65,66], the changes in land use resulted
in an increasing trend followed by a decreasing trend in both peak flow and peak water
depth in the watershed.

Table 8. Peak discharge and peak water depth in comprehensive land use scenarios.

Return Period/
Scenario

Scenario L5 Scenario L6 Scenario L7

Flow
(m3·s−1)

Water Depth
(m)

Flow
(m3·s−1)

Water Depth
(m)

Flow
(m3·s−1)

Water Depth
(m)

5-year return period 568.63 4.79 720.86 4.93 897.96 5.26
10-year return period 589.79 4.80 755.52 4.97 1035.85 5.30
50-year return period 803.09 4.98 912.13 5.10 1426.29 5.53
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Figure 6. Flow process line of watershed outlet section under different land use scenarios.

The flood evolution process was simulated and analyzed for three land use scenarios,
including two integrated land use scenarios and one scenario considering generalized
water conservation measures, compared to the current land use scenario (Scenario L4).
The simulation results and the changes compared to the current land use scenario are
shown in Table 8. From the table, it can be seen that the peak flow differs significantly
among the two integrated land use scenarios and the scenario with generalized water
conservation measures for different return periods, while the variation in peak water depth
is relatively small. Compared to Scenario L4, the peak flow decreased by 57.34%, 45.92%,
and 32.63% for the 5-year return period in Scenarios L5, L6, and L7, respectively. Similarly,
for the 10-year and 50-year return periods, the peak flow decreased by 59.19%, 47.73%,
28.33%, and 59.91%, 54.46%, and 28.79%, respectively. The corresponding reductions in
peak water depth were 11.62%, 9.04%, and 2.95% for the 5-year return period, 11.76%,
8.64%, and 2.57% for the 10-year return period, and 41.89%, 40.49%, and 35.47% for the
50-year return period.

Furthermore, according to Figure 6, the peak flow in Scenarios L5, L6, and L7 occurs
later than in Scenario L4, approximately between 3600 s and 7200 s. This indicates that
not only do the peak flow and peak water depth decrease significantly for different return
periods, but they also occur later. It suggests that the measures of returning farmland to
forest and grassland have a pronounced inhibitory effect on both peak flow and peak water
depth. The water conservation measures also contribute to a delay in peak flow and peak
water depth. This is because the implementation of water conservation measures retains
most of the runoff locally, leading to a decreasing trend in peak flow and peak water depth
at the outlet section of the watershed.
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The main land use types in the Hulu River Basin are cultivated land and grassland,
supplemented by woodland, shrubs, water bodies, unused land, and impermeable areas.
Cultivated land has the highest proportion in all four periods, exceeding 60% and being
the largest land use type. Grassland has the second largest proportion, also exceeding
20%. In these four periods, the proportion of arable land shows a trend of first increasing
and then decreasing, accounting for 60.09%, 75.62%, 72.94%, and 62.66% of the total area,
respectively. The proportion of grassland shows a trend of decreasing first and then increas-
ing, accounting for 38.02%, 22.30%, 24.78%, and 34.10%, respectively. The proportion of
woodland gradually increases, accounting for 1.71%, 1.89%, 2.04%, and 2.81%, respectively.
The proportion of shrubs shows a slight increase, accounting for 0.009%, 0.006%, 0.005%,
and 0.017% of the total area. The proportion of water bodies and unused land initially de-
creases and then increases, while the proportion of impermeable areas gradually increases.
Between 1985 and 2020, except for a 3.92% decrease in grassland area, the area of cultivated
land, woodland, shrubs, water bodies, unused land, and impermeable areas all increased.
The increase in proportion is 2.57%, 1.10%, 0.01%, 0.05%, 0.01%, and 0.18%, respectively.
In short, the Hulu River Basin has been mainly characterized by cultivated land and grass-
land, with increasing proportions of woodland and shrubs. Water bodies, unused land,
and impermeable areas have also shown changes in their proportions (Table 9).

Table 9. The land use change occurred in the study area during the period 1985–2020.

Type/Area
1985 2000 2010 2020

Area/km2 Proportion/% Area/km2 Proportion/% Area/km2 Proportion/% Area/km2 Proportion%

Cultivated land 6415.3 60.09 8073.5 75.62 7787.25 72.94 6689.71 62.66
Woodland 182.3 1.71 201.3 1.89 217.64 2.04 299.99 2.81

shrubs 0.9 0.009 0.7 0.01 0.55 0.01 1.81 0.02
Grassland 4058.9 38.02 2380.8 22.30 2645.55 24.78 3640.56 34.10

Water 7.9 0.07 5.6 0.050 6.96 0.07 13.04 0.12
Unused land 1.5 0.014 0.5 0.005 0.63 0.01 2.13 0.02
Impermeable 9.04 0.08 13.33 0.13 17.1 0.16 28.44 0.27

3.3. Simulating the Interacting Effects of Rainfall and Land Use Characteristics on River Flooding

By taking the peak flow and peak water depth obtained from the simulation of the
50-year return period uniform rainfall and land use scenario as the baseline and comparing
and analyzing the simulation results under different comprehensive scenarios, we can
determine the degree of impact of the combined changes in rainfall characteristics and land
use on floods. The simulation results for scenarios RL1-1 to RL1-6 are shown in Table 10,
and the outflow hydrographs are shown in Figure 7a. The peak flow occurs at 5400 s for all
scenarios. In scenario RL1-1, the peak flow is 2313.54 m3/s, and the peak water depth is
7.47 m, representing a 15.50% increase in peak flow and a 12.84% decrease in peak water
depth compared to the baseline period. In scenario RL1-2, the peak flow is 2377.32 m3/s,
representing an 18.69% increase, and the peak water depth is 8.17 m, representing a 4.67%
decrease. In scenario RL1-3, the peak flow is 2424.66 m3/s, and the peak water depth is
8.36 m, representing a 21.05% increase in peak flow and a 2.45% decrease in peak water
depth compared to the baseline period. In scenario RL1-4, the peak flow is 1902.56 m3/s,
and the peak water depth is 5.39 m, representing a 5.02% decrease in peak flow and a
37.11% decrease in peak water depth compared to the baseline period. In scenario RL1-5,
the peak flow is 2002.31 m3/s, and the peak water depth is 5.42 m, representing a 0.04%
decrease in peak flow and a 36.76% decrease in peak water depth compared to the baseline
period. In scenario RL1-6, the peak flow is 2277.76 m3/s, and the peak water depth is
7.39 m, representing a 13.72% increase in peak flow and a 13.77% decrease in peak water
depth compared to the baseline period.
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Table 10. Scenarios RL1-1 to RL1-6 peak flow rate and peak water depth.

Scenario Peak Flow Rate/(m3·s−1) Peak Water Depth/(m)

Base period 2003.04 8.57
RL1-1 2313.54 7.47
RL1-2 2377.32 8.17
RL1-3 2424.66 8.36
RL1-4 1902.56 5.39
RL1-5 2002.31 5.42
RL1-6 2277.76 7.39
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Figure 7. Flow process line of basin outlet section under different comprehensive scenarios. (a) Scenario
RL1; (b) Scenario RL2; (c) Scenario RL3; (d) Scenario RL4 figure.

The simulation results for scenarios RL2-1 to RL2-6 are shown in Table 11, and the
outflow hydrographs are shown in Figure 7b. The peak flow occurs at 5400 s for all
scenarios. In scenario RL2-1, the peak flow is 1989.97 m3/s, and the peak water depth is
5.42 m, representing a 0.65% decrease in peak flow and a 36.76% decrease in peak water
depth compared to the baseline period. In scenario RL2-2, the peak flow is 1990.56 m3/s,
representing a 0.62% decrease, and the peak water depth is 5.41 m, representing a 36.87%
decrease. In scenario RL2-3, the peak flow is 2033.76 m3/s, and the peak water depth is
5.55 m, representing a 1.53% increase in peak flow and a 35.24% decrease in peak water
depth compared to the baseline period. In scenario RL2-4, the peak flow is 1751.75 m3/s,
and the peak water depth is 5.34 m, representing a 12.55% decrease in peak flow and
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a 37.69% decrease in peak water depth compared to the baseline period. In scenario
RL2-5, the peak flow is 1786.75 m3/s, and the peak water depth is 5.34 m, representing
a 10.80% decrease in peak flow and a 37.69% decrease in peak water depth. In scenario
RL2-6, the peak flow is 1947.12 m3/s, and the peak water depth is 5.40 m, representing a
2.79% decrease in peak flow and a 36.99% decrease in peak water depth compared to the
baseline period.

Table 11. Scenarios RL2-1 to RL2-6 peak flow rate and peak water depth.

Scenario Peak Flow Rate/(m3·s−1) Peak Water Depth/(m)

Base period 2003.04 8.57
RL2-1 1989.97 5.42
RL2-2 1990.56 5.41
RL2-3 2033.76 5.55
RL2-4 1751.75 5.34
RL2-5 1786.75 5.34
RL2-6 1947.12 5.40

The simulation results for scenarios RL3-1 to RL3-6 are shown in Table 12, and the
outflow hydrographs are shown in Figure 7c. The peak flow occurs between 3600 s
and 5400 s for all scenarios. In scenario RL3-1, the peak flow is 2052.46 m3/s, and the
peak water depth is 5.90 m, representing a 2.47% increase in peak flow and a 31.16%
decrease in peak water depth compared to the baseline period. In scenario RL3-2, the peak
flow is 2088.33 m3/s, representing a 4.26% increase, and the peak water depth is 6.21 m,
representing a 27.54% decrease. In scenario RL3-3, the peak flow is 2127.37 m3/s, and
the peak water depth is 6.49 m, representing a 6.21% increase in peak flow and a 24.27%
decrease in peak water depth compared to the baseline period. In scenario RL3-4, the peak
flow is 1796.61 m3/s, and the peak water depth is 5.34 m, representing a 10.31% decrease
in peak flow and a 37.69% decrease in peak water depth compared to the baseline period.
In scenario RL3-5, the peak flow is 1817.12 m3/s, and the peak water depth is 5.36 m,
representing a 9.28% decrease in peak flow and a 37.46% decrease in peak water depth.
In scenario RL3-6, the peak flow is 2023.07 m3/s, and the peak water depth is 5.71 m,
representing a 1.00% increase in peak flow and a 33.37% decrease in peak water depth
compared to the baseline period.

Table 12. Scenarios RL3-1 to RL3-6 peak flow rate and peak water depth.

Scenario Peak Flow Rate/(m3·s−1) Peak Water Depth/(m)

Base period 2003.04 8.57
RL3-1 2052.46 5.90
RL3-2 2088.33 6.21
RL3-3 2127.37 6.49
RL3-4 1796.61 5.34
RL3-5 1817.12 5.36
RL3-6 2023.07 5.71

The simulation results for scenarios RL4-1 to RL4-6 are shown in Table 13, and the
discharge hydrograph at the outlet cross-section is shown in Figure 7d. The peak flow
occurs between 5400 s and 7200 s. In scenario RL4-1, the peak flow is 2783.00 m3/s, and the
peak water depth is 8.81 m. Compared to the baseline period, the peak flow has increased
by 38.94%, and the peak water depth has increased by 2.80%. In scenario RL4-2, the peak
flow is 2853.87 m3/s, an increase of 42.48% compared to the baseline period, and the peak
water depth is 8.82 m, which is an increase of 2.92%. In scenario RL4-3, the peak flow
is 2974.82 m3/s, and the peak water depth is 9.0 m. These values represent an increase
of 48.52% and 5.02%, respectively, compared to the baseline period. In scenario RL4-4,
the peak flow is 2156.24 m3/s, and the peak water depth is 5.91 m. The peak flow has
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increased by 7.65%, while the peak water depth has decreased by 31.04% compared to
the baseline period. In scenario RL4-5, the peak flow is 2289.18 m3/s, and the peak water
depth is 6.87 m. The peak flow has increased by 14.29%, while the peak water depth has
decreased by 19.84% compared to the baseline period. In scenario RL4-6, the peak flow is
2694.34 m3/s, and the peak water depth is 8.82 m. The peak flow has increased by 34.51%,
and the peak water depth has increased by 2.92% compared to the baseline period.

Table 13. Scenarios RL4-1 to RL4-6 peak traffic and peak water depth.

Scenario Peak Flow Rate/(m3·s−1) Peak Water Depth/(m)

Base period 2003.04 8.57
RL4-1 2783.00 8.81
RL4-2 2853.87 8.82
RL4-3 2974.82 9.00
RL4-4 2156.24 5.91
RL4-5 2289.18 6.87
RL4-6 2694.34 8.82

The variations between scenarios RL1-1 to RL1-6, RL2-1 to RL2-6, RL3-1 to RL3-6,
and RL4-1 to RL4-6 represent the influence of land use changes on watershed flooding.
The range of variation in peak flow is 1.55% to 21.53%, 0.03% to 13.87%, 1.14% to 15.55%,
and 2.55% to 27.52%, respectively. The range of variation in peak water depth is 0.56%
to 37.11%, 0.00% to 3.78%, 0.37% to 17.72%, and 0.00% to 49.24%, respectively. When the
rainfall gradually decreases from southeast to northwest, and the rainfall center is located
downstream, the impact of land use changes on watershed flooding is significant, while in
the other two land use scenarios, the impact is relatively small.

The variations between scenarios RL1-1, RL2-1, RL3-1, and RL4-1, RL1-2, RL2-2, RL3-2,
and RL4-2, RL1-3, RL2-3, RL3-3, and RL4-3, RL1-4, RL2-4, RL3-4, and RL4-4, RL1-5, RL2-5,
RL3-5, and RL4-5, RL1-6, RL2-6, RL3-6, and RL4-6 represent the influence of changes in
rainfall characteristics on peak flow and peak water depth. The range of variation in peak
flow is 3.14% to 39.85%, 4.91% to 43.37%, 4.60% to 46.27%, 2.56% to 23.09%, 1.70% to 28.12%,
and 3.90% to 38.38%, respectively. The range of variation in peak water depth is 8.86% to
62.55%, 7.96% to 63.03%, 7.66% to 62.16%, 0.00% to 10.67%, 0.37% to 28.65%, and 5.74% to
63.33%, respectively. When the land use scenario is afforestation and grassland restoration,
the impact of changes in rainfall characteristics on watershed flooding is relatively small,
while in the other land use scenarios, the impact is more significant. Therefore, except for
the land use scenario of afforestation and grassland restoration in the entire region, rainfall
characteristics have a greater impact on watershed flooding than land use changes.

In short, it is stated that the most unfavorable scenario for the Hulu River Basin in
terms of rainfall characteristics and land use is scenario RL4-3, with a peak flow rate of
2974.82 m3/s and a peak water depth of 9.00 m. In this scenario, the rainfall distribution
is concentrated in the downstream area, and the land use corresponds to the land use
in 2010. The basin is threatened by severe floods not only due to changes in rainfall
distribution but also because of the reduction in grassland and forest land and the increase
in cultivated land.

On the other hand, the scenario with the greatest reduction in flood risk due to
rainfall characteristics and land use is RL2-4, with a peak flow rate of 1751.75 m3/s and
a peak water depth of 5.34 m. In this scenario, the rainfall is heavier in the southeast and
northwest regions and lighter in the northeast and southwest regions. The land use type is
characterized by reforestation and the return of cultivated land to forests. The changes in
rainfall distribution and the increase in grassland contribute to the decrease in flood threat.

4. Discussion

The GAST model was found to be suitable for investigating the Impacts Assessment
of Rainfall Characteristics and Land use Patterns on Runoff accumulation in the Hulu River
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Basin, China. Overall, the GAST model performance classification for the watershed was
very good [67]. The GAST model results revealed that rainfall and land use had an effect
on the hydrologic process of the Hulu River basin. The observed changes in hydrological
processes were attributed to rainfall and land use changes for this study.

4.1. Flood Evolution under Different Rainfall Characteristics Scenarios

With uniform rainfall distribution, an increase in the return period leads to higher
peak flow rates and peak water depths, and the occurrence time of peak flow advances.
When the difference in return periods is small, such as 5 and 10-year return periods, the
increase in peak flow rates and peak water depths is not significant. However, when the
rainfall distribution is non-uniform, there is a considerable difference in peak flow rates
and peak water depths compared to the scenario with uniform rainfall distribution. As the
return period increases, the impact of non-uniform rainfall distribution on peak flow rates
decreases. Among the scenarios, scenario R8 has the greatest impact on basin floods. Under
a 5-year return period, the peak flow rate increases by 41.30%, and the peak water depth
decreases by 0.55%. Under a 10-year return period, the peak flow rate increases by 40.00%,
and the peak water depth increases by 4.96%. Under a 50-year return period, the peak flow
rate increases by 34.51%, and the peak water depth increases by 2.92%. The scenario that is
closest to the uniform rainfall scenario is R7, with a 36.07% increase in peak flow rate and a
3.22% increase in peak water depth under a 5-year return period, a 30.30% increase in peak
flow rate and a 0.92% decrease in peak water depth under a10-year return period, and a
1.01% increase in peak flow rate and a 33.37% decrease in peak water depth under 50-year
return period.

4.2. Flood Evolution Process under Different Land Use Scenarios

Different land use scenarios result in varying responses in peak flow rates and peak
water depths. From 1985 to 2020, the changes in land use led to an initial increase and
subsequent decrease in peak flow rates and peak water depths in the Hulu River Basin.
Compared to the current land use in 2020, all three historical land use scenarios resulted
in increased peak flow rates, while the peak water depths showed variations. Scenario
L1 leads to a decrease in peak water depth compared to the current land use scenario.
In scenario L2, the peak water depth is smaller under a 5-year return period, while it
increases under 10-year and 50-year return periods compared to the current scenario.
Scenario L3 results in increased peak water depths compared to the current land use
scenario. The integrated land use scenarios and generalized water conservation measures
lead to significant differences in peak flow rates compared to the current land use scenario.
Across different return periods, there is a significant decrease in peak flow rates, and the
occurrence time is delayed. The magnitude of the impacts on peak flow rates and peak
water depths is as follows: L5 > L6 > L7.

4.3. Flood Evolution under the Combined Influence of Different Rainfall Characteristics and Land Use

The combined effect of rainfall characteristics and land use has the greatest impact
on basin floods in scenario RL4-3, where the rainfall center is located downstream, and
the land use corresponds to the 2010 land use type. The resulting peak flow rate and peak
water depth are 2974.82 m3/s and 9.00 m, respectively. The range of the impacts of land
use changes on basin floods is between 0.04% and 48.52%, while the range of changes in
peak flow rates and peak water depths due to rainfall characteristics is between 0.00% and
63.33%. Under the combined effect of rainfall characteristics and land use changes, the
range of changes in peak flow rates and peak water depths is between 0.04% and 48.52%.
In general, except for the scenarios with region-wide reforestation and grassland restoration
land use, the impact of rainfall characteristic changes on basin floods is greater than the
impact of land use changes.
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5. Conclusions

In this study, a two-dimensional hydrodynamic GAST model (GPU Accelerated Sur-
face Water Flow and Transport Model) is set up to simulate the flood processes in the Hulu
River Basin under different rainfall characteristics and land use scenarios. The impacts of
various rainfall and land use scenarios on peak flow rates, peak water depths, and flood
propagation processes were analyzed and quantified. In the Hulu River Basin, rainfall
distribution and land use significantly affect peak flow and water depth. Uniform rainfall
increases peak flow and depth, especially during longer return periods, while uneven
rainfall lessens this impact. Concentrated rainfall poses the greatest flood risk in down-
stream areas, necessitating early emergency response and disaster plans. Land use changes
from 1985 to 2020 influenced these patterns, with peak flow initially increasing and then
decreasing. Shifting land use towards forestry and grassland and implementing soil and
water conservation measures showed a notable decrease in runoff. Future efforts should
focus on rainfall prediction and land use policy implementation to mitigate flood risks
effectively.

The GAST model developed can predict the river basin’s future streamflow conditions.
It can guarantee the sustainable use of water resources and provide a theoretical foundation
for the planning and management of the total amount of simulated streamflow of water
resources in large river basins and regions.

6. Policy Implications

Based on the context provided by the hydrodynamic model GAST and its accuracy as-
sessment through RMSE. It can be used for flood forecasting and management. The model’s
outputs could inform infrastructure development policies, such as where to build flood
defenses or how to design them to withstand predicted flow rates. Policies related to
environmental protection might be impacted if the flow simulations suggest changes in
water patterns that could affect ecosystems. The research may have implications for urban
planning policies. Flood prediction could affect agricultural areas and may lead to changes
in agricultural policies, such as crop insurance schemes or water management practices.
In summary, the policy implications of a hydrodynamic model simulation study are vast
and can influence a wide range of policy areas, from local urban planning to broader
environmental and risk management strategies.
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